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Thispaperaimedtostudythedynamicsofearlyembryonicdevelopment,intermsofredistributionofcytoskeleton(microtubules,
actin microﬁlaments) and chromatin conﬁgurations during the ﬁrst cell cycle in swamp buﬀalo embryos. Oocytes were matured
and fertilized in vitro, and they were ﬁxed at various time points after IVF.At 6 hafter IVF, 44.4% matured oocytes were penetrated
by spermatozoa. Partial ZP digestion, however, did not improve fertilization rate compared to control (P>. 05). At 12h after
IVF, the fertilized oocytes progressed to the second meiotic division and formed the female pronucleus simultaneously with the
paternal chromatin continued to decondense. A sperm aster was observed radiating from the base of the decondensing sperm
head. At 18h after IVF, most presumptive zygotes had reached the pronuclear stage. The sperm aster was concurrently enlarged to
assist the migration and apposition of pronuclei. Cell cleavage was facilitated by microﬁlaments and ﬁrstly observed by 30h after
IVF. In conclusion, the cytoskeleton actively involves with the process of fertilization and cleavage in swamp buﬀalo oocytes. The
centrosomal material is paternally inherited. Fertilization failure is predominantly caused by poor sperm penetration. However,
partial digestion of ZP did not improve fertilization rate.
1.Introduction
Fertilization in mammals requires a successful series of
events involving a profound remodeling of the nucleus and
cytoplasm of both spermatozoa and oocytes. Microtubules
andactinmicroﬁlamentshavebeendemonstratedtodynam-
icallyplayanimportant roleduringfertilizationandcleavage
in a number of species. The microtubules actively involve in
the process of fertilization by the formation of microtubule
networks that facilitate the migration and apposition of male
and female pronuclei. These microtubules are paternally
inherited in most mammalian species, including human
[1, 2], sheep [3], rabbit [4], porcine [5], bovine [6–8],
and rhesus monkey [9]. On the other hand, the paternal
centrosome in the ooplasm is functionally absent in mice,
and thus the syngamy of the two pronuclei requires the
maternal centrosome [10, 11]. In addition, the evidence that
a reversible microﬁlament depolymerizer (cytochalasin B)
fails to inhibit the movement of male and female pronuclei
but it adversely aﬀects the syngamy and cell division
[12] suggests an important role of actin microﬁlaments
during cellular cleavage [3, 4]. However, these events on
gamete interaction and early embryo development especially
during fertilization have been poorly reported in the swamp
buﬀalo. It has only been morphologically studied in vivo
[13]. Understanding the redistribution patterns and role of
microtubules and actin microﬁlaments during fertilization
in vitro will provide fundamental knowledge of early embryo2 Veterinary Medicine International
development and may improve in vitro embryo production
techniques principally by the characterization of factors
associated with fertilization failure in this species. The
present research was designed to study the dynamics of
early embryonic development, in terms of redistribution
of cytoskeleton (microtubules, actin microﬁlaments) and
chromatin conﬁgurations during the ﬁrst cell cycle in swamp
buﬀalo embryos.
2.MaterialsandMethods
2.1. Chemicals. All chemicals used in this study were pur-
chased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA), unless otherwise stated.
2.2. In Vitro Maturation (IVM). Swamp buﬀalo ovaries were
obtained from animals of unknown reproductive status at a
local slaughterhouse, then they were transported to the labo-
ratory within 4h in 0.9% (w/v) normal saline supplemented
with 100IU/mL penicillin G and 100μg/mL streptomycin
at 28–35◦C. The ovaries were washed once in 70% (v/v)
alcohol and 0.9% (w/v) normal saline [14]. The oocytes
were later aspirated from 2–8mm antral follicles with an 18-
gaugeneedleattachedtoa10mlsyringe.Thecumulusoocyte
complexes were morphologically selected under a stereomi-
croscopeat400xmagniﬁcations.Cumulus-oocytecomplexes
(COCs) with homogenous ooplasm and surrounded by
compact multiple layers of cumulus cells were submitted
to in vitro m a t u r a t i o n .G r o u p so f1 0C O C sw e r ec u l -
tured in 50μL droplets of NaHCO3-buﬀered tissue culture
medium 199 covered with mineral oil supplemented with
10% (v/v) buﬀalo follicular ﬂuid, 50IU/mL human chori-
onic gonadotropin (Intervet, Boxmeer, The Netherlands),
0.02IU/mL follicle stimulating hormone, 1μg/mL estradiol-
17β, 100μM cysteamine, 20ng/mL epidermal growth factor,
100IU/mL penicillin G, and 100μg/mL streptomycin. Three
pools of follicular ﬂuid were obtained from 2–8mm follicles,
then sterilized by ﬁltering through the 0.22μm syringe
driven ﬁlter, and then stored in sterile microcentrifuge tubes
at −80◦C. IVM was performed at 38.5◦Cf o r2 2 hi na
humidiﬁed atmosphere of 5% CO2 in air.
2.3. Partial Digestion of Zona Pellucida (ZP). After in vitro
maturation, oocytes were denuded and were transferred into
30μL droplet of an acid Tyrode’s solution (pH 3.1) for
45sec at room temperature (28–30◦C). They were washed
immediately two times with 2ml of a modiﬁed Tyrode’s
(TALP) medium. ZP-digested oocytes were submitted to
fertilization and culture procedures as mentioned above.
Percentage of pronuclear formation was recorded at 18h
after IVF. Non-Tyrode treated oocytes served as control.
2.4. In Vitro Fertilization and In Vitro Culture (IVF and
IVC). Frozen semen from a fertile bull was used in this
study. The semen was thawed at 37◦Cf o r3 0 s e ca n d
then submitted to swim-up procedure for 45min in TALP
medium supplemented with 10μg/mL heparin as described
by Parrish et al. [15]. Groups of 10–15 COCs in TALP
medium, supplemented with 20μM penicillamine, 10μM
hypotaurine, and 1μM epinephrine, were fertilized with
sperm at a ﬁnal concentration of 2 × 106 sperm/mL [16].
IVF was performed at 38.5◦C in a humidiﬁed atmosphere
of 5% CO2,5 %O 2 for 12h. Excessive cumulus cells and
sperms were then removed by repeated pipetting in culture
medium containing 1mg/mL hyaluronidase. Ten to ﬁfteen
presumptive zygotes were then cultured in 50 droplets of
syntheticoviductalﬂuidcontaining1%(v/v)fetalcalfserum,
100IU/mL penicillin G, and 100μg/mL streptomycin at
38.5◦Ci na na t m o s p h e r eo f5 %C O 2,5 %O 2.
The presumptive zygotes were randomly ﬁxed and
examined at 6, 12, 18, 24, and 30h after IVF. Prior to
ﬁxation, they were incubated for 45min at 37◦Ci na
glycerol-based microtubule-stabilizing solution that con-
tained 25% (v/v) glycerol, 50mM MgCl2,0 . 1 m ME D T A ,
1mM 2-mercaptoethanol, 50mM imidazole, 4% Triton-X-
100, and 25μM phenylmethylsulfonyl ﬂuoride at pH 6.7
[17]. Subsequently, they were ﬁxed and stored in 4% (w/v)
paraformaldehyde in PBS until analysis.
2.5. Fluorescent Labeling of Oocytes and Presumptive Zygotes.
To label the microtubules, the presumptive zygotes and
embryos were ﬁrst incubated at 25◦C for 1h in a 1:100
solution of monoclonal anti-α-tubulin (clone B1-5-1-2) in
0.1% (v/v) Triton-X-100 in PBS-BSA. They were subse-
quently washed in PBS-BSA and incubated for 1h in a
1:100 solution of a goat antimouse second antibody con-
jugated with tetramethylrhodamine isothiocyanate (TRITC)
in PBS-BSA. After washing twice in PBS-BSA, the actin
microﬁlaments were stained by incubation for 30min in a
solution of 0.165μM Alexa Fluor 488 phalloidin (Molecular
Probes, Invitrogen, OR, USA) in PBS-BSA. In addition,
they were subsequently stained for 10min with Alexa Fluor
594 wheat germ agglutinin (WGA; Molecular Probes) to
locate lectin-rich ZP. Finally, the presumptive zygotes and
embryos were incubated for 15min with 20μM DAPI to
label the chromatin. Labeled samples were mounted on a
glass microscope slide in a 2μL droplet of antifade medium
(Vectashield,VectorLab,CA,USA)toretardphotobleaching.
2.6. Confocal Laser Scanning Microscopy (CLSM). Confocal
laser scanning microscopy (C1, Nikon, Japan) was used
to demonstrate the presence or absence of sperm within
ooplasm (sperm penetration rate) at 6h after IVF. Three
laser sources from Diote 408nm, Argon 488nm, and HeNe
543nm were used to simultaneously excite the ﬂuorescent
signals from DAPI, AlexaFluor 488 phalloidin (microﬁla-
ments), and Alexa Fluor 594 (ZP), respectively. The digital
micrographs produced using the sequential scanning mode
for the 3 separate colors were merged into single panel using
EZ-C1 software (Nikon, Japan). The resulting multicolor
micrographs were subsequently examined using Adobe Pho-
toshop CS (Adobe System Inc., Mountain View, CA, USA).
2.7. Experimental Design. A total of 63 presumptive zygotes
were examined at 6h after IVF for sperm penetration using
confocal laser scanning microscopy. Phalloidin and WGAVeterinary Medicine International 3
Table 1: The sperm penetration of swamp buﬀalo MII oocytes at 6h after IVF analyzed by confocal laser scanning photomicrography.
No. of oocytes examined No. of MII oocytes (%∗) Non-MII/Nonfertilized (%∗)
Sperm penetrated Nonsperm penetrated
63 28 (44.4) 18 (28.6) 17 (27.0)
∗Percentages are expressed in relation to the total number of oocytes used for in vitro maturation.
were used to localize the boundary of the ooplasm and
lectin-rich ZP in order to facilitate the visualization of
sperm within the ooplasm, and DAPI was used to label the
chromatin. The presence of a spermatozoon within ooplasm
indicated the sperm penetration, and the oocytes having
sperm head(s) bound onto or within the ZP were considered
as nonfertilized oocytes.
TotestwhetherpartialdigestionofZPpriortoIVFwould
improve the sperm penetration rate, thereby improving
IVF eﬃciency, a total of 64 oocytes were treated with acid
Tyrode’s solution and then fertilized in vitro. Fertilization
rate was assessed by percentage of male and female pronu-
clear formation at 18h after IVF.
For the distribution pattern of the cell cytoskeleton
and chromatin conﬁgurations during fertilization and early
embryo development, 378 presumptive zygotes and/or
embryos were ﬁxed at 12, 18, 24, and 30h after IVF. Fol-
lowing immunolabeling with monoclonal anti-α-tubulin-
TRITC, Phalloidin, and DAPI to identify microtubules,
microﬁlaments, and chromatin, respectively, they were
examined using immunoﬂuorescent microscopy (BX51,
Olympus, Tokyo, Japan). The characteristics of the chro-
matin, polar body, cytoskeleton, sperm heads, and pronu-
clearformationwererecorded.Oocyteactivationwasdeﬁned
by the progression of chromosomal development after
IVF from metaphase II (MII) through telophase II and
also the formation of female pronucleus. Activated oocytes
having decondensing sperm head and/or formation of male
pronucleus and cell cleavage were identiﬁed as fertilized
oocytes/zygotes. Metaphase I (MI), anaphase I, or telophase
I oocytes were classiﬁed as nonmatured oocytes. The oocytes
that had a dispersed pattern of chromatin and cytoskeleton
were classiﬁed as degenerate oocytes.
2.8.StatisticalAnalysis. Descriptivedatawasusedtodescribe
the chronology of early embryo development in terms of
the redistribution of cytoskeleton (microtubules and actin
microﬁlaments) and chromatin conﬁgurations. Diﬀerences
in percentage data of maturation and fertilization among
stages were presented as mean and analyzed by Fisher’s exact
test (SAS 9.1, The SAS Institute Inc., Cary, NC, USA). P-
values less than.05 were interpreted as signiﬁcant.
3. Results
3.1.SpermPenetration. SpermatozoapenetratedintoZPand
were found in the cytoplasm of MII oocytes by 6h after
IVF (28/63, 44.4%, Figure 1(a); Table 1). Although a large
proportion of these penetrated oocytes were still arrested at
MII stage, 2 of the 28 oocytes (7.1%) had already resumed
Table 2: Percentage of maturation and fertilization of swamp










digested 64 42 (65.6) 60.4a
COCs 43 31 (72.1) 54.8a
aWithin a column, diﬀerences were considered to be signiﬁcant at P<. 05.
∗Percentage is expressed in relation to the total number of oocytes used for
in vitro maturation.
∗∗ Percentage is expressed in relation to the number of MII oocytes.
the second meiosis and were in telophase II. Eighteen
MII oocytes (18/63, 28.6%) were classiﬁed as nonfertilized
oocytes as determined by the absence of a spermatozoon
within the ooplasm, or spermatozoa were only attached at
the ZP of the oocytes. Two of 12 MI oocytes were also
penetrated by spermatozoa.
3.2. In Vitro Fertilization of Partial Zona-Digested Oocytes.
Tyrode’s solution dissolved the ZP of buﬀalo oocytes. After
exposure for 45sec, approximately one-third of ZP was
digested.Fertilizationrate,intermsofpronuclearformation,
of ZP-digested oocytes (60.4%), was not signiﬁcantly diﬀer-
ent compared to 54.8% of control (P>. 05, Table 2).
3.3. Redistribution of Cytoskeleton and Chromatin Conﬁgura-
tions. Percentage of maturation and fertilization of swamp
buﬀalo oocytes at 12, 18, 24, and 30h after IVF are shown
in Table 3; the maturation rate did not signiﬁcantly diﬀer
among groups (P>. 05). However, the rate of fertilization
at 12h after IVF was signiﬁcantly lower than the other
time points (P<. 05). The results demonstrated that the
presumptive zygotes showed decondensation of both male
and female chromatin by 12h after IVF. A small proportion
of MII oocytes (18/63, 28.6%) underwent activation. Of
these activated oocytes, 5 and 13 oocytes were in telophase
II (Figure 1(b)) and pronuclear stage, respectively. During
decondensation of sperm chromatin, densely stained micro-
tubules were observed and continually elongated to form
the sperm aster that radiated from the nucleation site of the
sperm centrosome at the base of the decondensing sperm
head (Figure 1(c)). It revealed that the developmental rate
of the male and female pronuclei was asynchronous at 12h
after IVF (a lack of synchrony between the male and female
pronuclei). By 18h after IVF, 33 of 65 MII oocytes (50.8%)
were recorded as being fertilized, and 30 of them had already
reached the pronuclear stage. At this time, microtubule4 Veterinary Medicine International
(a) (b) (c)
(d) (e) (f)
Figure 1: Images of swamp buﬀalo oocytes after staining with wheat-germ agglutinin (red) to localize the outline of the ZP, monoclonal-
α-tubulin-TRIT C (red) to demonstrate microtubules, Alexa 488 phalloidin (green) to identify microﬁlaments, and DAPI (blue) to
label the chromatin. (a) was illustrated using confocal microscopy. (b)–(f) were illustrated by immunoﬂuorescent microscopy. An intact
spermatozoon (arrow) was present within the cytoplasm of the MII oocytes at 6h after IVF (a) At progression of chromosomal development
after IVF from MII, the oocytes entered telophase II with one polar body, and the condensed chromatin were found at the pole of the
astral microtubule (b). Sperm aster extended (arrow) from the base of the decondensed sperm head (c). Migration and apposition of male
and female pronuclei were assisted by the dense array of microtubules found between pronuclei (d). Microﬁlaments were condensed in the
middle line of the cell furrow during cleavage (e). A two-cell embryo with a dense array of microﬁlaments formed intensely beneath the
plasma membrane of each blastomere (f).
networks of sperm aster simultaneously increased in size and
extended throughout the ooplasm of the fertilized oocytes.
The percentage of fertilized oocytes at 24h after IVF was
49.2% (29/59). Most of fertilized oocytes (25/29) were also
in pronuclear stage. Apposition of the pronuclei (syngamy)
was observed in 14 of these 25 fertilized oocytes. At this
stage, microtubules were intensely stained between the two
pronuclei (Figure 1(d)). Cleavage was ﬁrstly observed by
30h after IVF (14 of 27 fertilized oocytes). A dense array
of microﬁlaments formed between two presumptive blas-
tomeres (Figure 1(e)) and later formed an intensely labeled
layer beneath the plasma membrane of each blastomere
after cell cleavage (Figure 1(f)). In addition, the percentage
of “nonfertilized” MII oocytes was clearly demonstrated in
the present study. Most MII oocytes that failed to progress
through the second meiotic division had only a number
of spermatozoa bound onto or within the zona pellucida,
suggesting the important role of spermatozoa on the failure
of fertilization.
4. Discussion
The chronology of early embryonic development in terms of
cytoskeleton redistribution and chromatin conﬁgurations in
swamp buﬀalo embryos during the ﬁrst cell cycle was exam-
ined and ﬁrstly described in this study. Until recently, overall
success of in vitro embryo production in swamp buﬀalo
has remained relatively poor when compared to the results
obtained from riverine buﬀalos and bovines, for example,
due to the limitation of fundamental knowledge associated
with gamete interaction at fertilization. Oocyte maturation
rates in this study (Table 3) were similar to the range of 47
to 85% in other observations [18–20] and fertilization rates
of these MII oocytes (ranging from 28.6–50.8%) in terms
of oocyte activation and cell cleavage were variable, which
is also in accordance with other previous studies [16, 21–
24]. While a number of factors have been demonstrated
to be involved in the fertilization rate of swamp buﬀalo
oocytes including sperm quality [25], concentration [16],
and culture media used [26, 27]; intrinsic factors within
the cytoplasm of MII oocytes (as usually referred to as
cytoplasmic maturation) also play a critical role during
the activation of both male and female gametes during
fertilization and early embryo development [28–30]. During
IVF, spermatozoa rapidly undergo several modiﬁcations
including a remodeling of the sperm plasma membrane, and
spermatozoa then become hyperactivated [31] and capable
of binding to mature oocyte via speciﬁc sperm-binding ZP3Veterinary Medicine International 5
Table 3: Percentage of maturation and fertilization of swamp buﬀalo oocytes at 12, 18, 24, and 30h after IVF.








(% of fertilized oocytes)
OA (%) PF (%) CC (%)
12 103 (9) 63 (61.2) 28.6a 5 (27.8) 13 (72.2) 0 (0)
18 97 (7) 65 (67.0) 50.8b 3 (9.1) 30 (90.9) 0 (0)
24 91 (7) 59 (64.9) 49.2b 4 (13.8) 25 (86.2) 0 (0)
30 87 (8) 56 (64.4) 48.2b 4 (14.9) 9 (33.3) 14 (51.8)
a,bWithin a column, diﬀerences were considered to be signiﬁcant at P<. 05. OA = oocyte activation; PF = pronuclear formation; CC = cell cleavage.
∗Percentage is expressed in relation to the total number of oocytes used for in vitro maturation.
∗∗Percentage is expressed in relation to the number of MII oocytes.
receptors [32]. As a consequence, spermatozoa undergo the
acrosome reaction and ﬁnally penetrate the ZP and fuse with
the oolemma [33]. In this study, spermatozoa penetrated
through the ZP of mature oocytes by 6h after IVF which was
similar to previous reports in bovines [34, 35]. However, it
has been reported that a spermatozoon was already present
in the cytoplasm of bovine oocytes as early as 2-3h after IVF
[36]. Many factors were likely involved in the diﬀerence in
speed of sperm penetration among studies such as type of
spermatozoa (fresh or frozen), coincubation time, and capa-
bility of spermatozoa to respond to the capacitating medium
during IVF [6, 35, 36]. In addition, our study demonstrated
thatspermpenetrationinMIswampbuﬀalooocyteswasalso
possible which was similar to reports in bovine [37, 38]a n d
canine [39]. However, it appears that intrinsic factors within
the ooplasm of oocyte also play a crucial role in determining
the fate of sperm decondensation such as immature oocytes
that cannot support postfertilization events of sperm head
decondensation [40].
This study revealed that a dense network of a thread-
like structure of tubulin (referred to as the sperm aster)
was formed at the base of decondensing sperm head during
gamete activation. The evidence that elongated radial sperm
aster was involved in the movement and apposition of male
and female pronuclei of buﬀalo’s zygote suggested that the
centrosomal material is primarily paternally inherited and
is similar to previous reports in other mammalian species
such as human [1, 2], sheep [3], rabbit [4], porcine [5],
bovine [6–8], and rhesus monkey [9]. However, this is
diﬀerent in mouse because cytoplasmic microtubules in the
cytoplasm originate from maternal centrosomes and sperm
astral microtubules were not detected in the decondensing
paternal chromatin [10, 41].
We found the signiﬁcant diﬀerences in the percentage
of oocytes being fertilized between 12h and the others
(P<. 05). The low numbers of fertilized oocytes presented
in Table 3 indicate that a large proportion of penetrated
sperms underwent pronuclear formation during 12–18h
after IVF, while formation of female pronucleus in oocytes
occurred before the decondensation of sperm head. After
decondensation of sperm chromatin, the proportion of
pronuclear stage embryos was asynchronously observed by
12–18h after IVF. Although not exhaustively examined, this
asynchronous development of zygotes has been postulated to
be caused by several factors such as delayed decondensation
of sperm chromatin [35], variation of individual animals
[6, 42], and variation of cell cycle transition (M phase to
G2 stage) following sperm entry [43, 44]. In this study,
the development of buﬀalo zygotes was more synchronized
around 18h which was similar to a report in bovine [6].
In buﬀalo, pronuclei movement was clearly inﬂuenced
by the sperm aster. We found that the male and female
pronuclei were positioned at the center of the oocyte,
in which the sperm aster mediated by microtubules was
concentrated between the two pronuclei until the zygote
entered the ﬁrst mitotic phase and cleaved to the two-cell
stage. This result is in agreement with previous report in
sheep [3], but in contrast to rabbit and mouse. The sperm
aster of the latter species was a transitory structure that
dispersed rapidly around the male pronucleus [4, 11]. In
addition to the role of microtubules during fertilization
and early embryo development, this study also indicated
that microﬁlaments also played an important part in the
fertilization and cleavage in swamp buﬀalo embryos. These
ﬁlaments were concentrated as a cell furrow predominantly
in the middle line of the dividing cell and subsequently
located just beneath the plasma membrane as previously
reported in Xenopus [45], mouse [46], porcine [12], and
bovine [47] embryos. Actin microﬁlaments were regulated
by actin-related protein such as proﬁlins [48] and have also
beendocumentedtobeactivelyinvolvedintheredistribution
of mitochondria [49, 50], polarization of embryos, and also
pronuclear apposition [51].
In our study, we ﬁrstly found that fertilization failure
was associated with the absence of spermatozoa in the MII
ooplasm, even though a number of spermatozoa were tightly
bound to the zona pellucida. Although partial digestion of
ZP using Tyrode’s acid did not aﬀect sperm penetration,
this approach also failed to improve fertilization rate when
compared with non-Tyrode treated control. It is postulated
that other factors such as quality of frozen-thawed sperm
[52] and culture environment (low versus high oxygen
tension) should be taken into account rather than only
assessing the sperm motility prior IVF. Other advance6 Veterinary Medicine International
sperm parameters, such as functional membrane integrity,
mitochondrial membrane potential, and acrosome integrity,
may be additionally required [25].
In summary, this study is the ﬁrst paper to examine
and describe the chronology of swamp buﬀalo embryo
development in terms of redistribution of cytoskeleton and
chromatin conﬁgurations during the ﬁrst cell cycle. The
study demonstrates that a microtubule organizing center
is formed at the area of sperm centrosome and plays an
important role in the migration and apposition of pronuclei,
whereas actin microﬁlaments actively involves in cellular
cleavage. Fertilization failure of buﬀalo oocytes, at least in
our current culture system, is predominantly caused by poor
sperm penetration. However, partial digestion of ZP did
not improve fertilization rate in this species. Other factors
associated with fertilization failure in buﬀalo oocytes are
needed to be characterized.
Acknowledgments
This study was supported by the TRF-Master Research
Grants, the 90th Anniversary of Chulalongkorn Univer-
sity Fund (Ratchadaphiseksomphot Endowment Fund), the
CHE-TRF Senior Research Scholars RTA-5080010, and Chu-
lalongkorn University Centenary Academic Development
Project. V. Chankitisakul is Ph.D. candidate of RGJ-Ph.D.
program. The confocal laser scanning microscopic exami-
nation was performed at Chula Medical Center, Faculty of
Medicine, Chulalongkorn University.
References
[1] D. Gook, S. M. Osborn, H. Bourne, D. H. Edgar, and
A. L. Speirs, “Fluorescent study of chromatin and tubulin
in apparently unfertilized human oocytes following ICSI,”
Molecular Human Reproduction, vol. 4, no. 12, pp. 1130–1135,
1998.
[2] A. H. Sathananthan, “Paternal centrosomal dynamics in
early human development and infertility,” Journal of Assisted
Reproduction and Genetics, vol. 15, no. 3, pp. 129–139, 1998.
[3] P. Le Guen and N. Crozet, “Microtubule and centrosome
distribution during sheep fertilization,” European Journal of
Cell Biology, vol. 48, no. 2, pp. 239–249, 1989.
[4] M. Del Mar Yllera-Fernandez, N. Crozet, and M. Ahmed-Ali,
“Microtubule distribution during fertilization in the rabbit,”
Molecular Reproduction and Development,v o l .3 2 ,n o .3 ,p p .
271–276, 1992.
[5] N. H. Kim, C. Simerly, H. Funahashi, G. Schatten, and B.
N. Day, “Microtubule organization in porcine oocytes during
fertilization and parthenogenesis,” Biology of Reproduction,
vol. 54, no. 6, pp. 1397–1404, 1996.
[6] M. Alomar, H. Tasiaux, S. Remacle, F. George, D. Paul, and
I. Donnay, “Kinetics of fertilization and development, and sex
ratioofbovineembryosproducedusingthesemenofdiﬀerent
bulls,” Animal Reproduction Science, vol. 107, no. 1-2, pp. 48–
61, 2008.
[7] C. R. Long, C. Pinto-Correia, R. T. Duby et al., “Chromatin
and microtubule morphology during the ﬁrst cell cycle in
bovinezygotes,”MolecularReproductionandDevelopment,vol.
36, no. 1, pp. 23–32, 1993.
[8] A.H.Sathananthan,G.Lyons,V.Dharmawardena,D.Pushett,
I. Lewis, and A. Trounson, “Centriolar dynamics in the bovine
embryo: inheritance and perpetuation of the sperm centro-
some during fertilization and development,” Protoplasma, vol.
206, no. 4, pp. 263–269, 1999.
[9] L. Hewitson, C. Simerly, T. Dominko, and G. Schatten,
“Cellular and molecular events after in vitro fertilization and
intracytoplasmic sperm injection,” Theriogenology, vol. 53, no.
1, pp. 95–104, 2000.
[10] B. Maro, S. K. Howlett, and M. Webb, “Non-spindle micro-




urations during fertilization, mitosis, and early development
in the mouse and the requirement for egg microtubule-
mediated motility during mammalian fertilization,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 82, no. 12, pp. 4152–4156, 1985.
[12] N. H. Kim, K. S. Chung, and B. N. Day, “The distribution and
requirements of microtubules and microﬁlaments during fer-
tilization and parthenogenesis in pig oocytes,” Reproduction,
vol. 111, no. 1, pp. 143–149, 1997.
[13] P. Chantaraprateep, C. Lohachit, M. Techakumphu et al.,
“Early embryonic development in Thai swamp buﬀalo
(Bubalus bubalis),” Theriogenology, vol. 31, no. 6, pp. 1131–
1139, 1989.
[14] G.K.Das,G.C.Jain,V.S.Solanki,andV.N.Tripathi,“Eﬃcacy
of various collection methods for oocyte retrieval in buﬀalo,”
Theriogenology, vol. 46, no. 8, pp. 1403–1411, 1996.
[15] J. J. Parrish, J. Susko-Parrish, M. A. Winer, and N. L.
First, “Capacitation of bovine sperm by heparin,” Biology of
Reproduction, vol. 38, no. 5, pp. 1171–1180, 1988.
[16] S. M. Totey, C. H. Pawshe, and G. P. Singh, “Eﬀects of
bull and heparin and sperm concentrations on in vitro
fertilization of buﬀalo (Bubalus bubalis) oocytes matured in
vitro,” Theriogenology, vol. 39, no. 4, pp. 887–898, 1993.
[17] C. Simerly and G. Schatten, “Techniques for localization
of speciﬁc molecules in oocytes and embryos,” Methods in
Enzymology, vol. 225, pp. 516–553, 1993.
[18] M. S. Chauhan, P. Palta, S. K. Das, P. K. Katiyar, and M. L.
Madan, “Replacement of serum and hormone additives with
follicular ﬂuid in the IVM medium: eﬀects on maturation,
fertilization and subsequent development of buﬀalo oocytes
in vitro,” Theriogenology, vol. 48, no. 3, pp. 461–469, 1997.
[19] P. S. P. Gupta, S. Nandi, B. M. Ravindranatha, and P. V. Sarma,
“Eﬀect of commercially available PMSG on maturation,
fertilization and embryo development of buﬀalo oocytes in
vitro,” Reproduction, Fertility and Development, vol. 13, no. 5-
6, pp. 355–360, 2001.
[20] S. Nandi, P. S. P. Gupta, B. M. Ravindranatha, and P. V. Sarma,
“Inﬂuence of diﬀe r e n tl e v e l so fs t e e rs e r u mo np r o d u c t i o n
of fertilisable buﬀalo oocytes in vitro,” Veterinary Record, vol.
149, no. 4, pp. 124–125, 2001.
[21] S. Nandi, M. S. Chauhan, and P. Palta, “Inﬂuence of cumulus
cellsandspermconcentrationoncleavagerateandsubsequent
embryonic development of buﬀalo (Bubalusbubalis) oocytes
matured and fertilized in vitro,” Theriogenology, vol. 50, no. 8,
pp. 1251–1262, 1998.
[22] S. Nandi, H. M. Raghu, B. M. Ravindranatha, and M. S.
Chauhan, “Production of buﬀalo (Bubalus bubalis)e m b r y o s
in vitro: premises and promises,” Reproduction in Domestic
Animals, vol. 37, no. 2, pp. 65–74, 2002.Veterinary Medicine International 7
[23] N. Songsasen and M. Apimeteetumrong, “Eﬀects of β-
mercaptoethanol on formation of pronuclei and developmen-
tal competence of swamp buﬀalo oocytes,” Animal Reproduc-
tion Science, vol. 71, no. 3-4, pp. 193–202, 2002.
[24] S. M. Totey, G. Singh, M. Taneja, C. H. Pawshe, and G. P.
Talwar, “In vitro maturation, fertilization and development of
follicular oocytes from buﬀalo (Bubalus bubalis),” Journal of
Reproduction and Fertility, vol. 95, no. 2, pp. 597–607, 1992.
[25] S. Selvaraju, J. Ghosh, and J. P. Ravindra, “Prognostic value
of various spermatological attributes as predictors of zona
binding and zona penetration of buﬀalo (Bubalus bubalis)
semen,” Reproduction in Domestic Animals,v o l .4 4 ,n o .1 ,p p .
6–11, 2009.
[26] A. S. S. Abdoon, O. M. Kandil, T. Otoi, and T. Suzuki,
“Inﬂuenceofoocytequality,culturemediaandgonadotropins
on cleavage rate and development of in vitro fertilized buﬀalo
embryos,” Animal Reproduction Science, vol. 65, no. 3-4, pp.
215–223, 2001.
[27] B.M.Ravindranatha,S.Nandi,H.M.Raghu,andS.M.Reddy,
“In vitro maturation and fertilization of buﬀalo oocytes:
eﬀects of storage of ovaries, IVM temperatures, storage of
processed sperm and fertilization media,” Reproduction in
Domestic Animals, vol. 38, no. 1, pp. 21–26, 2003.
[28] R. L. Krisher, “The eﬀect of oocyte quality on development,”
Journal of Animal Science, vol. 82, pp. E14–E23, 2004.
[29] J. Laurincik, D. Rath, and H. Niemann, “Diﬀerences in
pronucleus formation and ﬁrst cleavage following in vitro
fertilizationbetweenpigoocytesmaturedinvivoandinvitro,”
Journal of Reproduction and Fertility, vol. 102, no. 2, pp. 277–
284, 1994.
[30] M. L. Leibfried-Rutledge, E. S. Critser, and W. H. Eyestone,
“Development potential of bovine oocytes matured in vitro or
in vivo,” Biology of Reproduction, vol. 36, no. 2, pp. 376–383,
1987.
[31] D. Y. Liu, M. L. Liu, G. N. Clarke, and H. W. G. Baker,
“Hyperactivation of capacitated human sperm correlates
with the zona pellucida-induced acrosome reaction of zona
pellucida-boundsperm,”HumanReproduction,vol.22,no.10,
pp. 2632–2638, 2007.
[32] E. S. Litscher, Z. Williams, and P. M. Wassarman, “Zona
pellucida glycoprotein ZP3 and fertilization in mammals,”
Molecular Reproduction and Development, vol. 76, no. 10, pp.
933–941, 2009.
[33] R. Yanagimachi, “Mammalian fertilization,” in The Physiology
of Reproduction,E.Knobil,Ed.,pp.189–317,RavenPress,New
York, NY, USA, 1994.
[34] A. H. Walters, R. G. Saacke, R. E. Pearson, and F. C.
Gwazdauskas, “Assessment of pronuclear formation following
in vitro fertilization with bovine spermatozoa obtained after
thermal insulation of the testis,” Theriogenology,v o l .6 5 ,n o .6 ,
pp. 1016–1028, 2006.
[35] K. P. Xu and T. Greve, “A detailed analysis of early events
during in-vitro fertilization of bovine follicular oocytes,”
Journal of Reproduction and Fertility, vol. 82, no. 1, pp. 127–
134, 1988.
[36] F. Ward, B. Enright, D. Rizos, M. Boland, and P. Lonergan,
“Optimization of in vitro bovine embryo production: eﬀect
of duration of maturation, length of gamete co-incubation,
sperm concentration and sire,” Theriogenology, vol. 57, no. 8,
pp. 2105–2117, 2002.
[37] L. R. Abeydeera, K. Niwa, and K. Okuda, “Maturation-
promoting factor (MPF) is responsible for the transformation
of sperm nuclei to metaphase chromosomes in maturing
bovine oocytes in vitro,” Journal of Reproduction and Fertility,
vol. 98, no. 2, pp. 409–414, 1993.
[38] R. C. Chian, K. Niwa, and H. Nakahara, “Eﬀect of sperm
penetration in vitro on completion of ﬁrst meiosis by bovine
oocytes arrested at various stages in culture,” Journal of
Reproduction and Fertility, vol. 96, no. 1, pp. 73–78, 1992.
[39] S.Yamada,Y.Shimazu,H.Kawaji,M.Nakazawa,K.Naito,and
Y. Toyoda, “Maturation, fertilization, and development of dog
oocytes in vitro,” Biology of Reproduction,v o l .4 6 ,n o .5 ,p p .
853–858, 1992.
[40] O.Lacham-KaplanandA.Trounson,“Reduceddevelopmental
competence of immature, in-vitro matured and postovulatory
aged mouse oocytes following IVF and ICSI,” Reproductive
Biology and Endocrinology, vol. 6, article no. 58, 2008.
[41] L. Hewitson, A.Haavisto, C.Simerly, J.Jones, andG. Schatten,
“Microtubule organization and chromatin conﬁgurations in
hamster oocytes during fertilization and parthenogenetic acti-
vation, and after insemination with human sperm,” Biology of
Reproduction, vol. 57, no. 5, pp. 967–975, 1997.
[42] F. Ward, D. Rizos, D. Corridan, K. Quinn, M. Boland,
and P. Lonergan, “Paternal inﬂuence on the time of ﬁrst
embryonic cleavage post insemination and the implications
for subsequent bovine embryo development in vitro and
fertilityinvivo,”MolecularReproductionandDevelopment,vol.
60, no. 1, pp. 47–55, 2001.
[ 4 3 ]G .C a p m a n y ,A .T a y l o r ,P .R .B r a u d e ,a n dV .N .B o l t o n ,“ T h e
timing of pronuclear formation, DNA synthesis and cleavage
in the human 1-cell embryo,” Molecular Human Reproduction,
vol. 2, no. 5, pp. 299–306, 1996.
[44] Z. P. Nagy, C. Janssenswillen, R. Janssens et al., “Timing
of oocyte activation, pronucleus formation and cleavage in
humans after intracytoplasmic sperm injection (ICSI) with
testicular spermatozoa and after ICSI or in-vitro fertilization
on sibling oocytes with ejaculated spermatozoa,” Human
Reproduction, vol. 13, no. 6, pp. 1606–1612, 1998.
[45] T. Noguchi and I. Mabuchi, “Reorganization of actin
cytoskeleton at the growing end of the cleavage furrow of
Xenopus egg during cytokinesis,” Journal of Cell Science, vol.
114, no. 2, pp. 401–412, 2001.
[46] H. Schatten and G. Schatten, “Motility and centrosomal
organization during sea urchin and mouse fertilization,” Cell
motility and the cytoskeleton, vol. 6, no. 2, pp. 163–175, 1986.
[47] R.M.Rivera,K.L.Kelley,G.W.Erdos,andP.J.Hansen,“Reor-
ganization of microﬁlaments and microtubules by thermal
stress in two-cell bovine embryos,” Biology of Reproduction,
vol. 70, no. 6, pp. 1852–1862, 2004.
[48] V. Y. Rawe, C. Payne, and G. Schatten, “Proﬁlin and actin-
related proteins regulate microﬁlament dynamics during early
mammalian embryogenesis,” Human Reproduction, vol. 21,
no. 5, pp. 1143–1153, 2006.
[49] D. F. Albertini,E.W. Overstrom,and K.M.Ebert,“Changes in
theorganizationoftheactincytoskeletonduringpreimplanta-
tion development of the pig embryo,” Biology of Reproduction,
vol. 37, no. 2, pp. 441–451, 1987.
[50] D. K. Barnett, J. Kimura, and B. D. Bavister, “Translocation of
active mitochondria during hamster preimplantation embryo
development studied by confocal laser scanning microscopy,”
Developmental Dynamics, vol. 205, no. 1, pp. 64–72, 1996.
[51] B. Maro and S. J. Pickering, “Microtubules inﬂuence com-
paction in preimplantation mouse embryos,” Journal of
Embryology and Experimental Morphology, vol. 84, pp. 217–
232, 1984.8 Veterinary Medicine International
[ 5 2 ]V .M i s h r a ,A .K .M i s r a ,a n dR .S h a r m a ,“ Ac o m p a r a t i v e
study of parthenogenic activation and in vitro fertilization of
bubaline oocytes,” Animal Reproduction Science, vol. 103, no.
3-4, pp. 249–259, 2008.